Atmospheric and ground-based methods agree on the presence of a carbon sink in the coterminous United States (the United States minus Alaska and Hawaii), and the primary causes for the sink recently have been identified. Projecting the future behavior of the sink is necessary for projecting future net emissions. Here we use two models, the Ecosystem Demography model and a second simpler empirically based model (Miami Land Use History), to estimate the spatio-temporal patterns of ecosystem carbon stocks and fluxes resulting from land-use changes and fire suppression from 1700 to 2100. Our results are compared with other historical reconstructions of ecosystem carbon fluxes and to a detailed carbon budget for the 1980s. Our projections indicate that the ecosystem recovery processes that are primarily responsible for the contemporary U.S. carbon sink will slow over the next century, resulting in a significant reduction of the sink. The projected rate of decrease depends strongly on scenarios of future land use and the long-term effectiveness of fire suppression.
A tmospheric-and ground-based studies indicate that the carbon sink in the coterminous United States accumulated 0.37-0.71 Pg C⅐y Ϫ1 on average during the decade of the 1980s (1). Inventory-based estimates indicate that the carbon sink has several causes including net forest growth, the accumulation and encroachment of woody vegetation caused by fire suppression, and other terms related to land use and land-use history (1) . In addition, a study using U.S. Forest Inventory Analysis data indicates that the carbon sink in forests is caused largely by ecosystem recovery from prior land use, as opposed to fertilization or climate change (2) . Knowledge of the magnitude and primary causes of the contemporary U.S. carbon sink leads to questions about its magnitude in the future and thus the future of U.S. net emissions.
Projecting the future of the U.S. carbon sink is difficult because of potentially complex interactions between climatic, environmental, and land-use conditions. During the relevant past, these conditions and their effect on ecosystems are not perfectly known, and important terms must be estimated in reconstructions. For the future, the relevant conditions themselves have yet to be determined, and the responses of ecosystems to novel sets of conditions are uncertain. However, it is clear that such projections are needed, and that mechanistic ecosystem models are an essential tool. It is also clear that these models must account both for contemporary land use and fire management, as well as the history of these practices, because the magnitude of these effects are large and there are long time scales associated with ecosystem recovery.
Here we use two such models, the Ecosystem Demography (ED) model and a second simpler empirically based model (Miami Land Use History, Miami-LU), to estimate ecosystem carbon stocks and fluxes in the coterminous U.S. from 1700 to 1990 and then to make projections to 2100. The ED model (3, 4) is a mechanistic ecosystem model built around established submodels of leaf level physiology, organic matter decomposition, hydrology, and functional biodiversity. ED differs from most other large-scale terrestrial models by formally scaling up physiological processes through vegetation dynamics to ecosystem scales, while simultaneously modeling natural disturbances, land use, and the dynamics of recovering lands. To run efficiently over large spatial and long temporal scales, the model uses a new scaling method analogous to techniques used in statistical physics (see Appendix 1, which is published as supporting information on the PNAS web site, www.pnas.org for additional information.). Miami-LU (described below) is a far simpler empirically based ecosystem model that tracks the history of disturbance, land use, fire, and ecosystem recovery similar to ED.
We first ran ED from an estimate of the state of ecosystems in 1700 to an estimate of the state of ecosystems in 1990 using climate data, soil data, and a gridded land-use history reconstruction as inputs. Our land-use history reconstruction provided estimates of land-use transition rates for each grid cell through time and was based on several sources of information including: the spatial distribution of potential vegetation in 1700 (5), the spatial patterns of cropland from 1700 to 1990 (5), regional estimates of land use and logging from 1700 to 1990 (ref. 6 and see ref. 1 for updated estimates and interpretation), and data on the current age distribution of forest stands from the U.S. Forest Inventory Analysis database. Both the implementation of land use in ED and the land-use history reconstruction product itself are described in Appendices 1 and 2, which are published as supporting information on the PNAS web site. We also included the effects of fire suppression, a process that resulted in an order of magnitude reduction in area burned during the period (6, 7). To simulate fire suppression, estimates of fire using ED's fire sub-model were constrained to give an area burned in 1700 of more than 800,000 km 2 ⅐y
Ϫ1
, and subsequently reduced in intensity to less than 30,000 km 2 ⅐y Ϫ1 in 1990 to match estimates of the relevant history. Additional information on ED's fire sub-model is described in Appendices 1, 3, and 4 and Figs. 4 and 5, which are published as supporting information on the PNAS web site. For climate and soils, we used data from a 1°ϫ 1°global data set (8, 20) . Atmospheric CO 2 concentrations and climatic conditions were held constant throughout the runs presented here to focus on the consequences of land-use and fire-management changes-factors hypothesized to be of primary importance for explaining the current sink.
The estimated historical patterns of land use and total carbon stocks (above and below ground) are shown in Fig. 1 at four time intervals: 1700, 1850, 1920, and 1990 (see Appendix 4) . Each land-use map shows the fraction of each grid cell in each of four categories: crop, pasture, primary vegetation, and secondary vegetation. Each map of total carbon shows the average total carbon density for each grid cell, including all above-and below-ground carbon stocks both in and out of agriculture. Changes in total carbon between time periods are the net result of gains from growth and losses that include respiration, decomposition, fire, and removals from land clearing, harvesting, grazing, and logging. Our calculations indicate that changes in land use and fire management have had large effects on the historical patterns of carbon stocks (Fig. 1) and fluxes (Fig. 2) . Beginning in approximate carbon balance in 1700, we find that by 1900 the region lost Ϸ26 Pg C because of the expansion of agriculture and logging. By the mid-1900s and late 1900s, the migration of agriculture to the West primarily displaced grasslands and led to the net regrowth of Eastern forests, and fire suppression led to woody encroachment and vegetation thickening in fire-prone ecosystems predominantly in the West. Because of these factors, ecosystems of the coterminous U.S. are estimated to have been a significant carbon sink in the 20th century. These historical patterns are broadly consistent with earlier estimates (6), but differ importantly in the causes and spatial distribution of the pattern during the 20th century. Our estimates of recent gains in Eastern forests are closer than those in Houghton et al. (6) to estimates based on Forest Service data (10, 11) and are consistent with the mechanism of net ecosystem recovery suggested by ref.
2. However, we may overestimate the consequences of fire suppression on some Western lands. Fine-scale edaphic and topographic factors are important determinants of the structure of ecosystems in the West and are not well represented with 1°r esolution. Our overall fire suppression sink term is similar to that from Houghton et al. (6) .
Estimates of recent net fluxes from land-use change and fire suppression compare favorably to detailed estimates based largely on inventory methods (Table 1) . For the decade of the 1980s, the estimated average annual carbon sink for the coterminous U.S. was 0.33 Pg C⅐y , primarily because of the effects of fire suppression. These gains were partially offset by net decreases in cropland soils of Ϫ0.03 Pg C⅐y
. Estimates of net carbon storage from mechanisms that ED does not simulate must be added to these estimates to obtain a comprehensive estimate. The processes modeled in this study represent approximately 45-90% of the total U.S. terrestrial carbon sink in the 1980s. Additional sinks caused by such factors as the accumulation of wood products, improved agricultural soil (1), putting an estimate of the sink in the coterminous U.S. based largely on ED at approximately one-half Pg C⅐y Ϫ1 for the 1980s. We then used ED to project the future of the modeled portion of the U.S. carbon sink under two scenarios that span a wide range of future conditions. In both scenarios, we held climate and CO 2 patterns constant so as to focus on the future of the mechanisms estimated to be responsible for the current carbon sink. We also assumed that there are no future land-use conversions and no significant changes in the intensity of land use, and that the harvesting of secondary forests continues with current estimated age-specific harvesting rates. These assumptions reflect the comparative stability of land use over the past 50 years. Since 1950, there has been little change in the total area of forest, pasture, cropland, or nonforested vegetation. Also forest management has produced a stable increase in forest tree carbon of 0.10 Ϯ 0.02 Pg C⅐y Ϫ1 (9-11), most of which is in the East, because regrowth consistently exceeds harvest by this amount. The two scenarios differ in their treatment of fire, because fire dynamics are difficult to anticipate and because effective fire suppression is estimated to be such an important part of the current sink (refs. 1, 6, 7, and 12; this study).
In the first scenario, we assume that fire suppression efforts continue to be effective at reducing fires to their 1980s levels throughout the 21st century. This scenario is optimistic, because it excludes any future significant increases in fire despite the ongoing build-up of fuel in fire-prone ecosystems. In the second scenario, we assume that fire suppression ceases in 2000. Although, this second scenario is obviously a worst-case scenario for fire, it is reasonable to expect that fire risk will increase as ecosystems accumulate carbon. Together, the two scenarios span a broad range of possible futures for the dominant portion of the current U.S. sink in the absence of dramatic changes in land use or ecosystem dynamics in response to future climate change or fertilization.
Even with continued fire suppression, the modeled U.S. sink is projected to decline to 0.21 Pg C⅐y
by 2050 and to 0.13 Pg C⅐y Ϫ1 by 2100, having stored a total of 25 Pg C in the 21st century (Fig. 3) . The reason the sink decreases is that woody encroachment from fire suppression approaches its maximum extent and forest ecosystem recovery slows and begins to equilibrate with forest harvesting and natural mortality. If fire suppression efforts were to completely fail, the modeled U.S. sink would be rapidly replaced by a source caused by extensive burning from largescale fires (Fig. 3) . In this case, U.S. terrestrial ecosystems would be a source during the entire 21st century, losing a net 20 Pg C to the atmosphere.
The results presented here are not overly dependent on the submodels and scaling algorithms in ED. To illustrate this, we developed and parameterized a second simpler model for comparison, Miami-LU (see Appendix 5, which is published as supporting information on the PNAS web site). Miami-LU is driven by the same climate data and land-use history reconstruction as ED, and it tracks the subgrid-scale heterogeneity resulting from land-use changes in a similar way. However, the submodels in Miami-LU are far simpler and less mechanistic than those in ED. Miami-LU is driven by the empirically based Miami model of net primary production (13) , has prescribed mortality rates, and has greatly simplified decomposition and fire submodels. As Fig. 3 illustrates, this model has similar aggregate dynamics to ED over the entire period.
Additional calculations with Miami-LU suggest that model results are not qualitatively affected by alternative assumptions about fire frequency in the distant past when the uncertainty is greatest (see Appendix 6 and Fig. 6 , which are published as supporting information on the PNAS web site).
Although previous modeling studies have either inferred (6) or predicted (14) a significant role of ecophysiological mechanisms such as fertilization or climate change in explaining the current U.S. carbon sink, this study estimates reasonable values of the sink without these mechanisms.** This is an important distinction, because different sink mechanisms can lead to substantially different projections of the future of the sink in models. While the evidence is mounting that the contemporary sink is dominated by ecosystem recovery resulting from land-use history and fire suppression, † † continued research to eliminate uncertainties and to estimate the responses of ecosystems to past and future environmental change is critical. The projected decline of the current U.S. carbon sink as ecosystem recovery progresses increases the need to evaluate alternative land-use practices that may prolong the sink and to confirm any expectations of an increasing sink caused by future environmental changes.
This study builds on previous studies that have anticipated the decline in global carbon sinks generally (15) and that of the U.S. forest sink in particular (11, 16) . The projections here include all lands (both forested and nonforested) and highlight the uncertainties associated with the long-term effectiveness of fire suppression. We find that without dramatic increases in the area of forests, without substantially positive changes in land-use practices, without large net positive effects of CO 2 or climate change in the future, or without some other new significant carbon storage mechanism, the U.S. carbon sink itself will decrease substantially over the 21st century. If realized, the decreases projected here would be significant. Total U.S. fossil fuel emissions would need to be reduced by an additional 7-30% to compensate for the declining sink and stabilize net emissions at 1990 levels throughout this century. ‡ ‡ † † The hypothesis that the sink in the coterminous U.S. on decadal time scales is primarily caused by net ecosystem recovery and other factors associated with land use and land-use history is consistent with the following lines of evidence: the inconsistency of substantially enhanced forest vital rates with forest inventory data (2), fertilization experiments that suggest that resource limitation may limit the enhancement of carbon sequestration in forests (18) , the documentation of sink terms such as woody encroachment that are relatively unambiguously related to factors such as fire suppression (1, 6) , the stability of the forest sink over last 40 years based on forest inventories (9 -11) , and the stability of the U.S. sink generally over last 15 years based on recent atmospheric inversions (1). ‡ ‡ To maintain constant net emissions, fossil fuel emissions must be reduced by an amount equal to declines in the carbon sink. Thus it is possible to convert model estimates of the decline in the sink into estimates of how much fossil fuel emissions would have to be reduced to compensate. In the calculation presented here, net emissions from the coterminous U.S. in 1990 were estimated by subtracting a sink of 1͞3-2͞3 Pg C⅐y Ϫ1 (1) from fossil fuel emissions of 1.337 Pg C (19) . The decline in the sink was estimated by using ED (this study). For simplicity, the necessary cuts in emissions cited in the text are calculated such that the total net emissions over the interval (1990 -2100) equal those from maintaining constant 1990 net emissions over the same interval. Holding net emissions to 1990 levels on a year-by-year basis would require cuts in fossil fuel emissions that vary through time and that range from lower to higher than the average values cited. The low estimate (7%) is derived from the scenario in which fire suppression efforts continue. The high estimate (30%) is derived from the scenario in which fire suppression efforts fail. These requirements are in addition to the reduction in fossil fuel emissions currently needed to achieve 1990 net emissions.
